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MASS TRANSFER CHARGES INDUCED IN COAL BLOCKS DURING THERMAL PROCESSING

N. E. Vanderborgh, J. P. Bertino and D. N. Hopkins

Los Alamos Scientific Laboratory

Los Alamos, New Mexico, 87545

ABSTRACT

In-situ processing of coals allows energy extraction from underground seams

without usual societal and environmental costs of coal technology. Current co~-

cepts involve hot-gas underground processing to effect a partial oxidation of the

coal, i.e., underground gasification. Modelflngthese processes requires compre-

hension of mass transfer mechartismsthat drive the thermal transport processes

within coal blocks.

Mass transfer is initially limited by the relatively low permeability of

the natural occuring material. Pore geometries in coal suggest that mass trans-

fer channels are near 50 nm. These pores are typically filled by absorbed moisture;

moisture removal changes permeability by 102”5. Once moisture is removed, other

absorbed gases, CH4, C02, etc., flush from the interior volume. These combined

gases, during the drying steps, control preliminary heat transfer.

Modeling studies suggest that heat transfer mechanisms switch fron conduction

to convection as permeability is changed from 0.01 md to 5 md, those variations

in mass transfer resistance formed during coal drying. Results are described

that predict heat transfer rates in blocks of subbituminous coals during the

initial drying stages of In-situ processing.
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~NTRODUCTION The LASL concept for underground coal convers+cm is shown

In Figure 1 (1,2). Coal, 250-1,000 feet underground, is first heated with

hot gas injection using a downhole manifold inlet system. This heating

produces moisture and hydrocarbons leaving in place a semi-char for sub-

sequent gasification. The hot char, following the “precondition” stage,

is gasified with a C02/02 mixture to produce a stream of low-Btu fuel

gas (approximately 250-300 Btu/scf) for surface heat generation (electric-

ity production). Before this fuel is utilized, the produced gas is cooled

and then cleaned for sulfur and nitrogen removal. Sensible heat, stripped

from the gasification products, drives the first stage of another coal

section (“precondition”). Approximately 25% of the total heating value

of the coal is produced as hydrocarbons removed during the initial pyrolysis

stages.

This approach to underground coal conversion is based on the realiza-

tion that, for efficient recovery, underground moisture control is ess~n-

Long field experiences show that excessive moisture influx degradestial.

underground gasification to, eventually, produce only small quantities of

H2 and CO, the desired fuel gases (3), We suggest that moisture removal,

prior to processing, is sensib?e to increase both process efficiency and

control, (Such removal would only be possible if additional water is ex-

cluded from the processing region once drying begins. Exclusion might

well involve constructing underground barriers to prohibit water flows

into the active zone. This possibility is not described here (4).)

Underground coal processing requires the control of a thermal wave

moving through realistically large coal sections, Previous work on coal

combustion has centered on finely ground material, tbe contemporary com-
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merclal fuel. In those cases heat transfer by convective processes is

unimportant. However, naturally occurring coal is a different situatioii.

There is little question that such coal is fractured. Many seams are

productive aquifers; water influx into underground workings has been

troublesome through history. Coal also exhibits mineral inclusions,

sites of ancient healed cracks. Evidence suggests that significant

water flow occurs through large, millimeter-sized cracks. Water in

these crack systems exerts fluid pressures within the entire coal mass

including within the pore structures.

On a microscopic level coal is thought to consist of fine pores.

Evidence, derived from dynamic gas adsorption behavior, suggests that

pore geometries are of molecular size (5). Water is strongly adsorbed

within such pore structures (6). Liquid water under the influence o.

pressure or temperature gradients drains to permit enhanced drainage

for methane production or other gaseous species. These types of dra<

are also important in underground coal processing.

Borehole permeability measurements within coal seams frequently

rates

nage

show

high liquid transfer rates, Flow occurs as the result of either natural

or induced fractures since ample experimental evidence suggests that

native, wet coal exhibits permeabilities near 0.05 md. Moisture removal

and concurrent thermally induced crack formation greatly lowers mass

transfer resistances. Since, during underground coal processing, the dom-

inant heat transfer mechanism is convective transport (2), prediction of

processing requires knowledge of these

erties during thermal treatment. This

that describe such changes in coal and

contributed to our understanding about

GAS TRANSFER THROUGH COAL It is often

adequately represent mass transport in

changes induced in transport prop-

paper reports experimental data

coal model materials that have

heat transfer rates through coals.

assumed that Darcy flow equations

coal. However, flow measurement:

are complicated by sampling difficulties and by the fact that the process

of mass transfer,

bility. Moreover

stress results in

ments, consequent”

conditions.

by varying moisture distribution in coal, changes permea-

natural coal is under considerable stress. Removing

the formation of microfractures. Permeability measure-

y, need return coal sections to simulated in situ.. —
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$ieasurementsunderway study the influences of stress on mass transfer

in coal. Apparatus for these measurements is shown in Figure 2. Coal

samples, right cylinders cored from a freshly recovered sample, are con-

fined in an elastic (neoprene) sleeve. This sleeve with sample is

inserted into a tightly Fitting brass cylinder. Geometries are so

arranged that the elastic confining sleeve is slightly longer than the

brass ring. The confining chamber is positioned between two platens

in a hydraulic system. Transverse force is transferred through the

neoprene elastic sleeve into radial confining stress on the coal sample.

Sample gas, nitrogen, moisture or Cd2, is transferred from one “ballast

volume” to the other. Pressures are measured in a dual-differential

mode so that gas volumes both into and out of the sample can be inde-

pendently measured.

Res’lltssuggest that stress markedly changes gas permeability. Coal

samples measured with no radial stress show permeability in the region of

40to 100md. However, examination of such samples showed the existence

of microfractures. Tagged flow experiments show that the majority of flow

transfer occurs through such cracked zones.

Data on permeability changes induced by stress loading are shown in

Figure 3. Initial flow apparently is again through microfractures. Stress

loading changes permeability from approximately 10 md to, at equivalent of

500 ft of overburden, 0.02 md. This factor of 102”6 decrease in permeability

is partially inelastic. Curve B, Figure 3, shows similar data following

measurements given in Curve A. The coal, following removal of stress, does

not return to the same configuration. This suggests that pressurization is

sufficient to heal, at least temporarily, microfractures in coal. Since

naturally occurring coals are stress loaded, we assume that most micro-

fractures will be closed.

Data were also obtained following moisture removal. C02 gas flow

was particularly effective in moisture removal. 140istureyields are

followed by quantitative measurement of water recovered from a coal trap

placed in the apparatus. Repeating results given in Figure 3 on partially

dried samples (approximately 60% of the total rmisture that would be re-

moved by drying at.11O”C was recovered at 25°C during C02 flow through),

stress was again found to constrict flow. However, the effect was con-

siderably less important. Dried coal, in the same pressure interval.



-4-

showed a permeability decrease of 101”6.

These results show the marked changes in coal properties caused by

stress-induced geometric variations. Pore geometries are of that size,

that wet coal under simulated confining stress is impermeable. Moisture

removal from the pore system leaves an open channel structure that is not

readily collapsed by confining stress.

HEAT INJECTION INTO CERAMIC BLOCKS These results suggest that coal drying

is t:~ecritical first step in underground processing. Not only is water

transfer effective in moving heat within the coal mass, but, as described

above, water plays a dominant role in determining mass transfer resistance.

Laboratory experiments were designed to simulate drying under those con-

ditions expected to occur during hot-gas injection (the “precondition”

step in Figure 1).

The easily changed flow resistances in coal coupled with the variety

of gaseous and liquid products resulting from heat injection, complicates

modeling. Initial experiments were done using ceramic blocks, materials

with well-described physical properties and reasonably simple chemistry.

The first material selected was plaster of ’Paris (CaSO~2H20). A right

cylinder of this material was formed in a plexiglas mold holding a series

of thermocouples. (In this way the thermocouples were imbedded in the

block during fabrication.) A 0.125 inch rod, positioned in the center of

the mold, was removed before the ceramic completely set. The resulting

hole serves as a highly permeable path for heat introduction. The two ends

of the cylinder were sealed so that the sole inlet into the block was the

center hole and all gas exited from the center exhaust manifold. An inline

heater was then attached to the system to inject h~:atat a rate determined

by inlet temperature and gas flow rate.

Our task is to determine the temperatures at discrete positions within

the ceramic as a function of time and then compare those experimental results

with ~ combined heat and mass transfer code (2) to learn if such hot gas

injection results in predicted thermal excursions. Results presented

previously suggest that such hot gas heating in semi-porous media can be

adequately predicted if boundary conditions are well described (2). Such

experiments assume a constant and uniform permeability throughout the block.
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cmdition would not occur in drying coal blocks. In

transfer will alter permeability to direct flows into

and exclude flow from others. Although it is possible

to introduce moisture into the interiorof ceramics, the reimval of such

moisture with hot gases involves a complicated two-phase, two-component

flow. Simpler systems involve steam injection into a block that is

slightly lower than equilibrium steam temperatures so that condensation

occurs. This is the reverse of the in situ condition. However, once.—
the computer code adequately predicts the “wetting” experiments, then

it is straightforward to reverse the code to predict “drying.” Although

we are encouraged with these variable permeability modeling codes, computer

results are not presented here (7).

Results of steam injection into the ceramic block are showtiin Figure

4. Liquid water is injected into the inline heater (maintained at 120”C)

at a rate of 0.40 ml/min. Steam generated within the heater flows into

the center channel and out into the block. Concurrently, temperatures are

measured at fixed locations. Initially, the entire block is maintained at

80°Cwithin the thermostat. At tbe onset of flow thermocouple one,

located in the entrance channel, measures a sharp temperature rise. As

the steam flow continues, temperatures at the exhaust side of the block

increase. This result is completely ~pposite from that found with C02

injection indrymaterlals (2).

After approximately 200 ml of water is injected into the ceramic, the

water stream is again switched to hot C02. Now gas transfer occurred through

the inline heater (175”C) at 300 ml/min, Data are shown in Figure 5. Here

again the interior block temperatures are shown as well as the inlet temper-

ature (Number 1) and the exhaust stream (Number 8). The thermal wave heats

the inlet side of the block, moving along the block as time progresses.

During the first 24 hours of flow, gas flow results in cooler temperatures

than those initially measured in the interior. Finally, the last curve in

Figure 5 shows that, once moisture is removed, heatinq of the block is

much like that described with C02 injection in dry ceramics (2).

These data are predicted ifwe assume that mass transfer in unique

regions of this ceramic cylinder is controlled by local moisture content.
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Dry and permeable regions allow efficient heat transfer, as shown prev~ously,

by connectively moving hot gas from the central channel into the interior
of the block. In the dry situation the inlet side of the block reaches

highest temperatures and the exhaust side, due to various heat losses, re-

mains at ambient (furnace) temperature. Steam injection changes the per-

meability in those zones near the inlet side of the central channel. This

zone immediately near the channel accepts heat by steam condensation. fiow-

ever, due to this moisture deposition, these zones are sealed to additional

flOw. Heat transfer in the wet zones is retarded (ceramics and coals have

slow heat conduction rates) and heat appears at the exhaust end of the

block. Transfer occurs not only by steam down the central bore, but also

by hot gases excluded from the volume occupied during moisture condensation.

Reinfection of hot gas into the wet block results in evaporative cooling.

Inlet C02 evaporates moisture in unique zones. This process cools that zone

below the initial inlet temperature. i)atashow that cooling occurs rapidly

after gas flow is started and continues for extended tim periods maintain-

ing lower temperature tfianeither the ambient thermostat or inlet gas tem-

perature.

HEAT INJECTION INTO COAL BLOCKS Ongoing experiments repeat these studies

with instrumented coal blocks. Conveniently sized sections of subbitumi-

nous coal are bounded with mass transfer barriers so all flow into the

block must enter in one position. Likewise, flow exhausts from the block
,.-

in one channel. Thin (28 gauge) thermocouples are then inserted and the

holes are back filled with cements. Likewise, thermocouples are inserted

into the inlet and exhaust sections of the central chann~l (previously

drilled with a 0.125 in bit). The thermocouples are connected to recording

equipment, inlet heat connected, and heat injection commences.

Coal, during drying with hot C02, yields thermal results most like

those obtained with the wet ceramic block. Data appear ~n Figure 7. AS

previously, temperatures at specific sites within the block are shown

after two different heat injection rates. Measurement positions are deter-

mined by x-ray examination of a block prior to the heating experiment. The

lower curve was determined first. The inlet side increased in temperature

while the center section decreased in temperature. (The entire block was

initially at 100”C.) Fin~lly, after extended moisture removal, the block
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yields data similar in thermal behavior to that noted with dry ceramic

materials.

We interpret these data as illustrating enhanced flow through coal

sections resulting from thermal treatment and moisture removal. As the

thermalized zone progresses outward, the heated region increases both

outward from the central channel and along the axis of the coal block.

Evaporative cooling is also clearly observed. Gas injectio-.in the

native material causes evaporation and, initially, a decrease in tempera-

ture. (The sign of temperature changes depends upon the relative rates

of heat introduction and removal.)

CONCLUSIONS These data coupled with heat and mass transfer modeling

(not presented here) begin to support a conclusive insigt,tinto coal dry-

ing. Permeability in coals is markedly a function of stress and fluid ,

saturation. In virgin materials the qr~atest major+ty of flow is con-

ducted along regions of naturally high permeability,

Although this sort of flow is indeed significant for

flow through such channels bypasses major regions of

seam. Moisture removal changes this situation.

cracks, for example.

water production,

the underground

Permeable coals readily transfer heat into the coal mass by convective

transport processes. Such open systems ctn be rapidly sealed again by the

introduction of additiona: moisture. Durir~gundergrcmd coal processing

moisture removal is that key factor that permits processing zones to broaden

into wide regions that permit efficient resource recovery, much as found

during early !+annaexperiments. Thus, even though moisture content can

adversely influence processing schems, moisture control, technically

feasible, would permit the control of underground flow to recover with

good efficiency deeply lying coal seams. That goal is the thrust of the LASL

effort in underground coal conversion.
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FIGURES

EAM

Figure 1: ;&m&ic of Propostd Underground Pyrolysis-Gasification
. Sensible heat from char gasification is introduced

virgin seam causing drying and pyrolysis. Pyrolysis removes
hydrogen enriched products leaving char behind for gasification.
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Figure 2: Schematic of Laboratory Apparatus to Measure I~fluence of
Confining Stress on Mass Transfer Rates in Coal Samples.
Dual-differential pressure monitoring permits separate moni-
toring of gas flux in and out of sample cylinder.
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Figure 3: Effects of Confining Stress on Coal Permeability. Sample
removed from Sage P~t, Fruitland Seam (Western Coal Company,
Farmington, NM). Sample orientated so that flow is parallel
to bedding. Curve A shws initial response; Curve B shows
response of subsequent runs. 25 C“data.



-1o-

1 I I I 1 I I
1-
1~

CERAMICB- 9TEAMWE7TI MO
STEAM FLUX ● 0.40 mllMINUTE

m “

3 A !WIAL

‘-~+

TMEftMocOUPuBnMam

Figure 4: Thermal Response of Ceramic Block During Steam Wetting (Inverse
Drying) Experiments. Thermocouple number approximately describes
location of temperature. Block dimensions, approximate, 10 in
(25.4 cm] long, 8in (20 cm) diameter, 0.125 in (0.32 cm) diameter
central channel (open hole). Thermocouple 10 measures temperature
in the inlet stream and 8 measures temperature in the exhaust stream.
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Figure 5: Thermal Response of Ceramic Block During Hot Gas Drying Experiments.
Hot C02 injection following wetting e::perimentshown in Figure 4.
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Figure 6: Thermal Response of Coal Block. Coal removed from Fruit]and
Seam, sectioned and cast into epoxy to provide complete m?ss
transfer boundary. Blocked drilled (0.125 in hole) through
center and gas injection occurs (only through center channel.

1Entire block is first heated (no flow to 100°C and then flow
initiated. Two separate data shown.


